The metal content of diaphragm, gastrocnemius, ventricle, and bladder muscles in genetically obese diabetic KK-CAY and alloxan-diabetic ddY mice was compared with that in prediabetic KK-CAy and normal ddY mice, because the muscles of the diabetic KK-CAY mice had morphological abnormalities, such as atrophy, disappearance of Z-band, disturbed myofibrils and swollen sarcoplasmic reticulum.
The male KK-CAy mouse has a genetically predisposed syndrome similar to human type 2 diabetes mellitus (NIDDM) and includes hyperglycemia, hyperinsulinemia, obesity, and insulin resistance (Kimura et al., 1979) . Our previous studies demonstrated that the diabetic state enhances the sensitivity to succinylcholine, a depolarizing neuromuscular blocker, of acetylcholine receptors (AChR) at the neuromuscular synapse of the gastrocnemius muscle (Kimura et al., 1986 b; 1988) . The hypersensitivity of the diabetic muscles may be caused partly by changes in the muscle membranes surrounding AChR and is thought to depend on a deficiency of insulin action, not on an increased level of blood glucose. We have also reported that intracellularly released calcium ions (Ca2+) from diaphragm plasma membranes are enhanced in alloxan-diabetic mice (Kimura et al. 1986a ). In addition, the increase in the activity of the muscle Ca2+-activated proteinase in alloxan-injected rats is consistent with the proposed role of protease in initiating metabolic turnover of myoMagnesium (Mg) acts essentially as a cofactor in several enzyme systems. Ca often reverses these effects of Mg. The concentration of Mg is related to carbohydrate metabolism in several ways. For instance, insulin increases the uptake of Mg in muscles (Aikawa, 1960; Mellerup, 1974) . Some patients with IDDM are reported to have a lower Mg content in striated muscles and plasma (Sjogren et al., 1986) . Plasma Mg levels in diabetes are closely dependent on the concentration of blood glucose (Mather et al., 1982) .
Zinc (Zn) has a strong affinity for insulin, and is associated with insulin in the islets of Langerhans (Engelbart and Kief, 1970) . Insulin secretagogues stimulate the release of Zn from the islets (Formby et al. 1984) . Zn is also capable of modulating insulin action. Some investigators have reported that hepatic binding of insulin was enhanced by Zn (Arquilla et al., 1978) and that lipogenesis in the adipocytes is stimulated by synergism between insulin and Zn (Coulston and Dandona, 1980) . Iron (Fe) is the most abundant of the trace elements in animals.
Hemoglobin contains twothirds af the total amount of Fe. Skeletal muscles also contain Fe in ferritin, hemosiderin and myoglobin. The Fe level in skeletal muscles from streptozotocin-diabetic rats has been reported to be greater than that in the control tissues (Failla and Kiser, 1981; Johnson and Evans, 1984) . However, information concerning the influence of diabetes mellitus on the metabolism of these trace metals is conflicting. Different amounts of these metals have been reported in diabetic mice Failla and Kiser, 1981; Johnson and Evans, 1984) .
In the present study, our aim was to determine morphological changes in the diaphragm of the diabetic KK-CAy mouse and compare them with Ca, Mg, Fe, and Zn levels in skeletal, cardiac, and smooth muscles of the diabetic KK-CAy, and the alloxan-diabetic mice. 
Results
Morphological observation of diaphragm of diabetic KK-CAY mice The diaphragm muscles from diabetic KK-CAY mice were compared morphologically with those from prediabetic KK-CAY and ddY mice. Light micrographs showed atrophy and reduction in size of muscle fibers in the diaphragms of the diabetic KK-CAY mice (Fig. 1C ) in comparison with those of the prediabetic KK-CAY and the ddY mice ( Fig. 1B and A) . Ultrastructures of the diaphragm muscles were further examined with an electron microscopy. Electron micrographs at different magnifications showed the disappearance of Z-bands, markedly disturbed arrangement of myofibrils, and swollen sarcoplasmic reticula in the diaphragm muscles of the diabetic mice (Fig. 2B and D) , as compared with those of the ddY mice ( Fig. 2A and C ). These observations indicate that the diaphragm muscles of KK-CAY mice were morphologically changed by the diabetic state.
Wet weight of various kinds of muscle in the alloxan-diabetic ddY mice The wet weight of diaphragm, gastrocnemius, ventricle and bladder muscles of alloxan-diabetic mice was compared with those of age-matched normal ddY mice (Table 1 ). The wet weight of the diaphragm, gastrocnemius and ventricle muscles than a strain difference. In contrast, the Mg content was significantly increased, by 9.0%, in the gastrocnemius from the diabetic KK-CAY mice compared with the prediabetic control, but it was not changed in the diaphragm muscle (Fig. 4A) . The Mg content in the gastrocnemius from agematched alloxan mice was also significantly increased, by 4.5-5.5%, 1-2 wks after the injection of alloxan (Fig. 4B) . The ratios of Ca content to Mg content were compared in the four kinds of muscle of the diabetic, prediabetic KK-CAy and the normal ddY mice ( Table 2 ). The Ca/ Mg ratios of the four kinds of muscle in the prediabetic KK-CAy mice were significantly higher than those of the normal ddY mice. In addition, the Ca/Mg ratio of the diabetic gastrocnemius muscle was signiIron and Zinc content of muscles of the diabetic KK-CA' mice
The amounts of trace metals in the four kinds of muscle of the KK-CAY mice in the normal state and the diabetic state were compared.
The Fe content of the diaphragm, the gastrocnemius, and the ventricle muscles from the prediabetic KK-CAY mice was significantly increased, as compared with the corresponding muscles in the normal ddY mice (Fig.5) .
The Fe content was also significantly increased, by 27.3 and 23.2% in the diaphragm and the gastrocnemius muscles, respectively, from the diabetic mice, as compared with that of the prediabetic mice (Fig. 5) . These results indicate that the Fe content of both skeletal muscles in the KK-CAY mice was increased by the diabetic state.
The Zn content of the ventricle muscle of the prediabetic mouse was found to be significantly higher, and the bladder Zn to be lower than the corresponding muscle in the ddY mouse (Fig. 6) . However, the Zn content was significantly decreased , by 13.4%, in the ventricle muscle, and increased, by 16.4 and 18.0%, in the gastrocnemius and the bladder muscles, respectively, from the diabetic KK-CAY mice in comparison with that of the corresponding muscles from the prediabetic mice. of Z-bands, disarrangement of myofibrils , and a swollen sarcoplasmic reticulum. This observation is supported by some reports that patients with diabetes mellitus develop diabetic amyotrophy characterized by a pattern of muscle fiber atrophy, and an increase in the thickness of the basement membranes of the muscle fibers (Bloodworth and Epstein, 1967; Shafiq et al., 1968) .
Since the morphological changes in dystrophic muscles are thought to be caused by the increased Ca2+ content (MaunderSewry et al., 1980 ; Bertorini et al., 1982) , we investigated the Ca, Mg, and trace metal content of the diaphragm, gastrocnemius, ventricle and bladder muscles in diabetic mice. By comparing the Ca content of the diabetic muscle with that of the normal control muscle, the influence of the diabetic state in the KK-CAY mice and the alloxanmice was observed. Both diabetic states increase the Ca content of the gastrocnemius muscle (Fig. 3A, B) . The Ca content of the diaphragm from the KK-CAY tended to be increased, although it did not differ significantly from that of the prediabetic mice. The ventricle Ca is only increased in the alloxan-mice. The higher Ca content in the diabetic muscle may probably be due to increasing intracellular Ca pools. This possibility is also indicated by some studies showing that intracellular Ca binding protein is increased in the muscle of diabetic mice (Morley et al., 1982) , and that calcium-activated neutral protease is activated in the diabetic mouse skeletal muscle (Brooks et al., 1983; Kobayashi et al., 1989) . The Mg content in these muscles is also influenced by the diabetic state. The Mg content in the gastrocnemius muscle was increased by the diabetic state in both the KK-CAy and the alloxan-mice (Fig.  4A, B) . This increased Mg content is positively correlated with the Ca content in the diabetic muscle. Since Mg is mostly intracellular, increased Mg in the diabetic muscles could be due to changing intracellular pools. These data lend no support to the assumption that intracellular Mg deficiency is also promoted by the diabetic state (Wallach and Verch, 1987) .
The strain difference between the prediabetic KK-CAy and the normal ddY mice also affected the amounts of Ca and Mg. The amount of Ca in the gastrocnemius, the ventricle and the bladder muscles of the prediabetic KK-CAy mice was signiddY mice.
When compared with agematched ddY mice, the Ca content in the diaphragm, the gastrocnemius, and the bladder muscles in the prediabetic mice (8 wks) was also significantly higher. These results demonstrate that the increased amount of Ca in these muscles is due mainly to a strain difference but not the age factor. These results are supported by the report that the muscle Ca content does not change with age in normal subjects (Bertorini et al., 1982) . In contrast, we observed greater reciprocal decrease in Mg in these muscles except the bladder from the prediabetic mice than in those from the normal ddY mice. However, Mg in these muscles except the bladder in the prediabetic mice (8 wks) does not significantly differ from that in age-matched normal ddY mice. These results mean that the amount of Mg is influenced by factors of age in addition to a strain difference.
The abnormality of Ca and Mg content in the diabetic muscles became more evident when the results were expressed as the ratio of the Ca to Mg (Ca/Mg)( Table 2 ). The Ca/Mg ratio for the gastrocnemius muscle from the diabetic mouse was significantly higher than that of the prediabetic mouse. These results suggest that the increase in the Ca in the gastrocnemius muscles, especially in Ca/Mg ratio, plays a role in the pathogenesis of diabetes mellitus. The Ca/ Mg ratio for the four kinds of muscle from the prediabetic KK-CAy mouse was signiding normal muscle. The effect of a strain difference on the Ca/Mg ratio is clearly observed in the ventricle> the bladder> the diaphragm > the gastrocnemius muscles in this order.
The Ca and Mg content was compared with values reported previously to justify our experimental procedure. The Ca content of heart muscle was 4.0 or 5.0mg/ 100 g wet tissues in ICR mouse (Hamuro et al., 1970) , and 3.0 or 3.2 mg/ 100g wet tissues in rat (Wallach and Verch, 1987) . Our finding in the ventricle in the normal ddY mouse was 3.9 or 4.1mg Ca/ 100g, and is almost similar to these published values. Our Mg reading in the ddY mice was 23.9 mg/ 100 g wet diaphragm, 27.6mg/ 100 g wet gastrocnemius, and 22.2 mg/ 100g wet ventricle. These values are also similar to values already reported in rat muscles (Abraham et al., 1981) , rabbit muscles (Aikawa, 1960) , rat heart (Wallach and Verch, 1987; Abraham et al., 1981) , and rabbit heart muscle (Aikawa, 1960) . These Ob-servations indicate that our experimental procedure for the measurement of cellular metal ions is justified.
Our results also reveal marked changes in the amounts of the trace metals Fe and Zn in these muscles of the diabetic KKCAy mice. The Fe is contained in ferritin, hemosiderin and myoglobin in the skeletal muscle cells. The Fe content of the diaphragm and the gastrocnemius muscles of the diabetic KK-CAy mouse was significantly increased by the diabetic state (Fig.  5) . These results are supported by studies in streptozotocin (STZ) -diabetic rats (Failla and Kiser, 1981; Johnson and Evans, 1984) . The Fe content of these muscles except the bladder in prediabetic KK-CAy mice was also higher than that of normal ddY mice. The mechanism of Fe metabolism in the diabetic state is not yet clear.
The Zn content of the gastrocnemius muscle in the KK-CAy mouse was signithe ventricle Zn content was significantly decreased (Fig. 6 ). This result in the gastrocnemius muscles is supported by studies in STZ-diabetic rats (Failla and Kiser, 1981) . Failla and Kiser reported that tissue Zn content is correlated with cytosol Zn content (1981) . The bladder Zn in the KK-CAy mice was also increased by the diabetic state. These results may be related to some reports that hyperzincuria is observed in various forms of diabetes mellitus (Kinlaw et al., 1983; Levine et al., 1983; Lau and Failla, 1984) and resulted from glucose-mediated processes (Lau and Failla, 1984) . In addition, the Zn content in the ventricle is increased, and the bladder Zn is decreased by strain and/or age.
In conclusion, the amounts of Ca and Mg in the gastrocnemius muscles were increased by the diabetic state of the KKCAy mice, although these abnormal metabolic processes in the diabetic mice were also induced by inherent properties. In addition, the diabetic state increased the Fe content of the diaphragm and gastrocnemius muscles.
